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Background:  Surgeons  have  aimed  to  achieve  strong  repair  so  as  to  begin  early  active  rehabilitation
programs  for ﬂexor  tendon  injury.  Multi-strand  suture  techniques  were  developed  to  gain  improved
gap  resistance  and  ultimate  force  compared  with  the  respective  two-strand  techniques.  In vivo studies
indicate  that  multiple  strands  may  cause  ischemia  during  the intrinsic  healing  process  by  decreasing  the
total  cross-sectional  area  of  the  injured  site,  unless  the  total  cross-sectional  area  of  the sutures  is  not
decreased.
Hypothesis:  The  hypothesis  was  to  design  an  in vitro  study  to understand  the  biomechanical  relationship
between  suture  calibers  of core  sutures  with  increased  number  of  suture  strands  and  peripheral  suture
on ﬁnal  repair strength.
Materials and  methods:  Sixty  fresh  sheep  forelimb  ﬂexor  digitorum  profundus  tendons  were  ran-
domly  placed  into  three  groups  (A, B, and C),  each  containing  20 specimens,  for tendon  repair.  Two-,
four-,  and eight-strand  suture  techniques  were  respectively  used  in Groups  A,  B, and C. A simple  running
peripheral  suture  technique  was  used  in  Subgroups  A2, B2, and  C2. For  each  repaired  tendon,  the  2-mm
gap-formation  force,  2-mm  gap-formation  strength,  maximum  breaking  force  and  maximum  breaking
strength  were  determined.
Results:  Differences  in  2-mm  gap-formation  force  and  2-mm  gap-formation  strength  were  found  between
Subgroups  A1  and  A2, B1  and  B2, and  C1  and  C2.  Between  Groups  A  and  B,  A and  C, and  B and  C, there
was  no  difference  as well.
Conclusion:  Both  the  number  of  strands  and  the  ratio  between  the  total  suture volume  and  tendon  volume
at the  repair  site  are  important  for ideal repair.  If the total  cross-sectional  area of the  sutures  is equal  in
2-strand,  4-strand,  and  8-strand  procedure,  there  is  no  difference  in  the  strength  of the  repair.  A decrease
in  caliber  size  suture  requires  more  passes  to  achieve  the  same  strength.  Instead,  it  is much  better  to  use
peripheral  suture  techniques  to  improve  the  strength  of  the  repair  with  larger diameter  2-strand  core
sutures.
© 2014  Published  by Elsevier  Masson  SAS.. IntroductionPrimary repair of ﬂexor tendon injuries in the ﬂexor tendon
heath of the hand has been reported for the past several years
1,2]. The goal of ﬂexor tendon injury treatment is to perform a
∗ Corresponding author. Tel.: +90 374 253 4656; Mobile phone: +90 505 383 5837.
E-mail address: drcengiz034@yahoo.com (C. Isik).
http://dx.doi.org/10.1016/j.otsr.2014.05.009
877-0568/© 2014 Published by Elsevier Masson SAS.strong repair and begin an early active rehabilitation program. Early
rehabilitation decreases adhesion formation and is related to good
clinical results [3,4]. It is important to minimize failure rates related
to complications, such as gap-formation or rupture. Primary repair
must be performed using a reliable and strong suture technique [5].Flexor tendon repair techniques involve the placement of both
core and peripheral sutures. The initial strength of tendon repair
is closely proportional to the number of suture strands that cross
the repair site [6,7]. Two-strand core suture and peripheral repair
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ith running sutures was more commonly previously used [1,8].
pplication of a six- or eight-strand core suture provides greater
trength but has the disadvantage of technical difﬁculties. Multi-
le strands may  trigger ischemia in the intrinsic healing process
ecause of adhesion formation [9].
The aim of this study was to evaluate the biomechanical pro-
erties of two- strand, four-strand, and eight-strand locking core
uture techniques and a simple running peripheral suture tech-
ique in combination with core sutures. We  were able to assess
he mechanical advantages of techniques by changing the number
f strands with and without peripheral sutures. Our hypothesis is
hat the number of strands and the ratio between the total suture
olume and tendon volume at the repair site are important for ideal
epair. Peripheral sutures provide more strength in such cases.
. Materials and methods
A total of 60 sheep forelimbs were dissected to obtain ﬂexor digi-
orum profundus tendons. This animal model has been reported to
est mimic  human ﬂexor tendon biophysical properties [10,11].
e made the experiment daily; each group for one day. In the
rst day for only group A, ten sheeps were sacriﬁced, tendons were
arvested, they were kept in saline solution before and after sutu-
ations and testing of the tendons with tansiometer. We did the
ame things for group B on the second day and for group C on the
hird day.
The sheeps (average age, 8–10 months) were all healthy and
rom the same herd, and they had been killed for commercial pur-
oses at a slaughterhouse. Flexor digitorumprofundus tendons are
f the same diameter as that of ﬂexor tendons in humans. The ten-
ons were approximately 7- to 8-mm diameter; the mean length
as 10 to 12 cm,  and the mean cross-sectional area was 23 mm2. All
epairs were performed by the same surgeon using 4.0-loupe mag-
iﬁcation (Heine, Germany) during 3 days (1 day for each group).
he 60 specimens were randomly placed into three equal groupsures were in all groups.
(A, B, and C) for tendon repair. Each group contained 20 specimens.
Each was  group divided into two  equal subgroups (A1, A2, B1,
B2, C1, and C2), each containing 10 specimens. Two-, four-, and
eight-strand suture techniques were applied in Groups A, B, and C,
respectively. Subgroups A1, B1, and C1 had no peripheral sutures,
whereas Subgroups A2, B2, and C2 were prepared with simple run-
ning peripheral sutures. A transverse sharp cut was  performed in
the mid-portion of each tendon, and the repair was  then performed.
Specimens in Groups A, B, and C were repaired using 0-0, 3-0, and
5-0 monoﬁlament absorbable core sutures (monoﬁlament polyg-
lyconate; Maxon, Covidien), respectively, with a 3/8 cutting-edge
needle. In vivo, polyglyconate degradation time in the tendon is
nearly 180 days. As peripheral suture, 6-0 polypropylene (monoﬁl-
ament polypropylene; Surgipro, Syneture) with a 3/8 cutting-edge
needle was  used in subgroups A2, B2, and C2. Peripheral suture
peritendinous throws were 2 mm from the lacerated tendon ends,
with 1 to 2 mm between throws. The tendon bite depth was approx-
imately 1.5 mm.  The number of throws ranged from 10 to 14
according to the tendon size. The basic core suturation technique
was modiﬁed in Massachusetts General Hospital (MGH) repair,
which is a locked suture technique [12]. In original MGH, sutures are
locked at each side for more than one throw. However, we reduced
the number of locks to one on each side. For every two strands,
the suture knot was  tied on one side of the injured tendon; one,
two, and three knots were used for Groups A, B, and C, respectively.
The diameter of the sutures was R (0.40–0.49 mm)  in Group A, R/2
(0.20–0.24 mm)  in Group B, and R/4 (0.10–0.12 mm)  in Group C
(Fig. 1). The data were taken from the suture manufacturer com-
pany. The suture technique, suture materials, shape of the needles,
tendon quality, and type of knots tied were all the same. The only
differences were the number of strands that crossed the rupture
site and the diameter of the sutures.
After repair, tendons were vertically held in the non-slipping
jaws of soft-tissue clamps mounted on a tensile testing machine
(Zwick, Germany). Two centimeters of the tendon were held
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Table  1
Data for each tendon on tensile tests.
Section area (mm2) 2 mm gap force (n) Max. breaking load (n) 2 mm gap strength (n/mm2)  Max. strength (n/mm2) Info
A1 21 30 141 1.429 6.714
A1  22 24 128 1.091 5.818
A1  16 20 99 1.250 6.188
A1  28 18 83 0.643 2.964
A1  23 12 20 0.522 0.870
A1  27 9 0 0.333 0.000 Failed tied knot security
A1  31 0 85 0.000 2.742 Pulled out
A1  29 9 0 0.310 0.000 Failed tied knot security
A1  31 15 64 0.484 2.065
A1  10 18 0 1.800 0.000 Failed tied knot security
Means  ± A1 23.5 19.83 ± 6.46 89.17 ± 44.15 0.90 ± 0.40 4.10 ± 2.45
A2  23 80 84 3.478 3.652
A2  28 64 72 2.286 2.571
A2  24 22 0 0.917 0.000 Pulled out
A2  22 41 0 1.864 0.000 Pulled out
A2  24 80 89 3.333 3.708
A2  24 59 55 2.458 2.292
A2  22 85 89 3.864 4.045
A2  15 79 80 5.267 5.333
A2  27 59 60 2.185 2.222
A2  25 67 72 2.680 2.880
Means  ± A2 23.5 71.63 ± 10.50 75.12 ± 12.76 3.19 ± 1.03 3.33 ± 1.05
B1  24 40 95 1.667 3.958
B1  22 10 105 0.455 4.773
B1  16 14 130 0.875 8.125
B1  18 15 36 0.833 2.000 Pulled out
B1  22 14 40 0.636 1.818
B1  28 22 134 0.786 4.786
B1  19 19 26 1.000 1.368 Pulled out
B1  22 14 35 0.636 1.591 Pulled out
B1  24 24 70 1.000 2.917
B1  25 7 70 0.280 2.800
Means  ± B1 23.00 18.71 ± 11.17 92.00 ± 34.29 0.81 ± 0.44 4.16 ± 1.77
B2  29 43 0 1.483 0.000 Pulled out
B2  21 40 40 1.905 1.905
B2  19 83 97 4.368 5.105
B2  24 113 113 4.708 4.708
B2  25 53 90 2.120 3.600
B2  26 96 110 3.692 4.231
B2  19 101 101 5.316 5.316
B2  19 84 127 4.421 6.684
B2  21 118 170 5.619 8.095
B2  19 79 79 4.158 4.158
Means  ± B2 21.44 85.22 ± 25.83 103.00 ± 35.2 4.03 ± 1.28 4.86 ± 1.77
C1  21 30 141 1.429 6.714
C1  22 24 128 1.091 5.818 Suture cut tendon matrix
C1  16 20 99 1.250 6.188
C1  28 18 83 0.643 2.964
C1  23 12 20 0.522 0.870 Suture broken
C1  27 9 11 0.333 0.407 Suture broken
C1  31 0 85 0.000 2.742 Suture cut tendon matrix
C1  29 9 0 0.310 0.000 Suture broken
C1  31 15 64 0.484 2.065
C1  18 7 18 0.389 1.000 Suture broken
Means  ± C1 23.6 21.40 ± 5.81 103.0 ± 31.64 0.97 ± 0.40 4.74 ± 2.08
C2  23 80 84 3.478 3.652
C2  28 64 72 2.286 2.571
C2  24 22 0 0.917 0.000 Suture cut tendon matrix
C2  22 41 0 1.864 0.000 Suture cut tendon matrix
C2  24 80 89 3.333 3.708
C2  24 59 59 2.458 2.458
C2  22 85 89 3.864 4.045
C2  15 79 80 5.267 5.333
C2  27 59 60 2.185 2.222
C2  25 67 72 2.680 2.880
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t
(
qMeans  ± C2 23.5 71.63 ± 10.50 75.63 ± 11.91 ach the jaws. The length of the repaired tendon between the
wo jaws was 6 cm,  and the repaired zone was in the middle
Fig. 2). A pre-load of 4 N was applied. All tendons were subse-
uently loaded to the failure point at a static rate of 2 mm/s, and9 ± 1.03 3.35 ± 1.03force-versus-displacement data were recorded. The 2-mm
gap-formation force, 2-mm gap-formation strength, maximum
breaking force, maximum strength, and maximum elongation
were determined for each tendon. All data were recorded (Table 1).
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.1. Statistical analyses
The data were analyzed using Statistical Package for Social Sci-
nces software (SPSS® 148 12; SPSS, Inc., Chicago, IL, USA). The
istribution of the data in each group was evaluated by the Shapiro-
ilk test. The data in three or more independent groups were
ompared using the Kruskal-Wallis test. Multiple comparisons
ere performed using the Bonferroni adjusted Mann-Whitney U-
est to determine differences among groups. The continuous data
re presented as mean ± standard deviation. A P-value of < 0.05 was
onsidered signiﬁcant.. Results
Initially, 60 tendons were included in the study. Some of the
endons were excluded after various problems were encountered
Fig. 3. Statistical analyses werurgery & Research 100 (2014) 611–616
during tensile testing. These problems were loosening of the tied
knots, slipping of the tendon ends from the tensile machine jaws,
and laceration of the tendons by the sutures. At the end of the study,
43 tendons had been statistically evaluated.
Cross-sectional areas were calculated with graph paper printing
method. The average cross-sectional area for a sample of 43 tendons
was 23.01 mm2 (minimum, 15 mm2; maximum, 31 mm2). Statis-
tically signiﬁcant differences in the 2-mm gap-formation force
and 2-mm gap-formation strength were found between subgoups
A1 and A2, B1 and B2, and C1 and C2 (P < 0.05). No statistically
signiﬁcant differences in the 2-mm gap-formation force, maxi-
mum breaking force, 2-mm gap-formation strength, and maximum
breaking strength were found between subgroups A1 and B1, A1
and C1, B1 and C1, A2 and B2, A2 and C2, and B2 and C2 (P > 0.05).
Statistical analyses were shown with graphics (Fig. 3).
4. Discussion
This study, based on the hypothesis that the biomechanical
strengths of two-strand, four-strand, and eight-strand locking
core suture tendon repair techniques are identical, showed no
signiﬁcant differences among these techniques when the total
cross-sectional area of the sutures joining the injured edges of
the tendons was equal. The aim of this study was to compare the
biomechanical properties of techniques in combination with core
sutures. A simple running peripheral suture technique provides
greater strength in tendon repair [13].
The strength and stiffness of the running peripheral suture can
be increased with deeper suture grasps [14], by increasing the
suture purchase from 1 to 2 or 3 mm [15], and by increasing the
number of suture passes [16]. Peripheral suture is used not only
in total ruptures, it is also used in partial ruptures to support core
suture if the cross-section exceeds 50% as well [17]. In the study,
peripheral suture increased, especially 2-mm gap-formation force
and 2-mm gap strength in each group. Peripheral sutures are an
important component of ﬂexor tendon repair and contribute sig-
niﬁcantly to the strength of the repair.
Flexor tendon repair studies have reported on the direct effects
of the type and diameter of the suture material, suture technique,
and number of strands on the strength of the repair. With an
e shown with graphics.
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ncreased number of core suture strands, the strength of the repair
mproves if the diameter of the suture is stable and the total cross-
ectional area is increased with the increased number of strands.
herefore, six strand [18,19] and eight-strand [20,21] core suture
echniques have been developed. Additionally, with an increased
umber of core suture strands, the cross-sectional area of the repair
ite increases, and the excursion of the tendon decreases, in addi-
ion to other technical difﬁculties [18,20].
Several in vitro studies have conﬁrmed the superior tensile
roperties of multi-strand core sutures [22,23]. However, concerns
egarding technical demands and skill acquisition, repair bulk, and
onger operating times [24] may  reduce the clinical feasibility and
imit the use multi-strand core sutures. In our study, variations in
he core suture method (two-, four-, or eight-strands) did not sig-
iﬁcantly affect energy values in the tensile test, suggesting that the
umber of core suture strands has no effect on the energy of failure
f tenorraphy. The diameter of the sutures decreased as the num-
er of suture strands increased. Despite numerous investigations
f tendon repair techniques, only a few have focused on the effect
f suture caliber on the biomechanical properties of ﬂexor tendon
epairs. Increasing the suture caliber has been shown to increase
he ultimate force in static testing [25,26] and fatigue strength in
ynamic testing [8]. However, it has not been shown to improve
he yield force or gap resistance of the repairs.
Gap-formation leads to adhesions at the repair site [27]. Clini-
ally, evaluation of the 2-mm gap-formation force is more useful
han evaluation of ultimate tensile strength [1,28,29]. The mech-
nisms of failure were different for each core suture technique.
n tendons repaired using the two-strand core suture technique,
he suture initially pulled out, leaving one of the two  ends. As the
iameter of the suture increased, the tied knot security decreased,
nd the suture pulled out. In tendons repaired using the eight-
trand core suture technique, the suture had low tensile strength
nd 2-mm gap-formation strength. As the diameter of the suture
ecreased and the suture became thinner, the suture was  broken at
ome point by further elongation of the tendon, or the suture cut the
endon matrix, causing failure. This may  be due to the strong grasp-
ng and holding of the tendon by the locking sutures, so that the
rasping strength of the suture seems stronger than the strength of
he material.
Two-strand repair techniques have generally been used in ﬂexor
endon repair. These techniques are strong enough to withstand
he forces of passive rehabilitation, but not those associated with
arly active motion; clinically this is seen in increased rupture
ates [30]. Multi-strand suture techniques were developed to gain
mproved gap resistance and ultimate force compared with the
espective two-strand techniques. Multi-strand repairs technically
equire multiple consecutive needle passes, which increase ten-
on handling and easily lead to loading of the strands. Multiple
oncomitantly passed suture strands have been investigated to
mprove the holding capacity with a simpler repair technique. The
echnical difﬁculty in this case was that the tendon volume was  the
ame, and the suture volume substituted for tendon volume with
ncreasing numbers of strands. To avoid this problem, we  decreased
he diameter of the suture each time we increased the number of
trands. As a result, in each technique, the total cross-sectional area
f the sutures and the ratio between suture volume and tendon vol-
me  were nearly equal. The tied knots were placed on the outside
n all cases. Loop conﬁguration and core suture purchased were all
dentical. The only variability was in the number of strands and the
iameter of the sutures.
Clinical and experimental studies have shown that to mini-
ize failure rates related to complications occurring during active
ehabilitation, such as gap-formation or rupture, it is crucial that
rimary repair is performed using a reliable and strong suture
echnique [5,31]. This study also has several potential limitations.
[
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Adhesion and tendon healing potential could be evaluated in exper-
imental study with live animal model. In the future studies will be
needed to perform this technique with large numbers of live ani-
mals in each groups. In in vivo studies, it will take long operation
time to perform multi-strand suture technique as disadvantage.
There were some subjective negative results with multi-strand
suture techniques such as cutting of tendon matrix by thinner
sutures and broken sutures.
5. Conclusion
Multi-strand suture techniques have become popular since
early active-movement protocols were begun in rehabilitation pro-
grams. This study revealed that both the number of strands and the
ratio between the total suture volume and tendon volume at the
repair site are important for ideal repair. The diameter of the suture
decreased as the number of suture strands increased. In this case, it
is much better to use peripheral suture techniques to improve the
strength of the repair with larger diameter 2-strand core sutures.
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